Abstract. In cancer models, thrombospondin-1 (TSP-1) has been shown to inhibit angiogenesis or promote metastasis by increasing adhesion of malignant cells to endothelium. To determine the role of TSP-1 in breast cancer and breast cancer angiogenesis, we have measured TSP-1 in plasma and tumour cytosols and compared levels to established clinicopathological prognostic parameters and intratumoural microvessel density. TSP-1 was measured, by radioimmunoassay, in plasma (pTSP-1) and tumour cytosols (cTSP-1) of women with early breast cancer (EBC) (n=71). pTSP-1 in EBC was compared to pTSP-1 levels in women with advanced breast cancer (ABC) (n=66), normal controls (n=77) and was correlated with prognostic features and microvessel density (MVD) (measured by CD31 immunostaining). cTSP-1 levels were compared to prognostic features and microvessel density. pTSP-1 in women with EBC (median 484, IQR 344-877 ng/ml) and ABC (median 588, IQR 430-952 ng/ml) were elevated when compared to normal controls (median 21, IQR 175-247) (p<0.001). Women with lymph node metastases (n=35) had higher levels of TSP-1 (median 799 ng/ml, IQR 455-943) than women who were node negative (median 343 ng/ml, IQR 267-514) (n=36) (p<0.05). Levels of pTSP-1 in EBC correlated with MVD (R=0.39, p<0.05). Levels of TSP-1 in tumour cytosols of women with EBC (median 1714, IQR 893-5283 ng/ml) correlated with microvessel density (R=0.46, p<0.01). Circulating levels of TSP-1 appear to be a marker of breast cancer aggressiveness and in breast cancer may have a pro-angiogenic rather than anti-angiogenic role.
Introduction
Thrombospondin (TSP-1) is a high molecular weight glycoprotein, originally described as secretion product of platelets (1) , which functions as an adhesive protein in cell-cell and cell-substratum interactions. TSP-1 is a multifunctional protein with several isoforms (2) (3) (4) . Following synthesis by endothelial cells, TSP-1 is incorporated into the extra-cellular matrix of these cells (5) .
The metastatic spread of cancer is a complex and multistep process characterised by a number of biological functions. These include the arrest and adhesion of circulating tumour cells in the vascular bed, invasion of tumour cells through the basement membrane and growth of new tumour colonies in the organ parenchyma. Several cell lines secrete TSP-1 including melanoma, fibrosarcoma and carcinoma (6) . The presence of TSP-1 has been shown to promote the adhesion and spread of melanoma cells in vitro (7, 8) . TSP-1 has been shown to cause a dose-dependent stimulation of tumour cell invasion of collagen in vitro using oral squamous carcinoma cells (9) and TSP-1 injected intravenously with mouse sarcoma cells, greatly potentiates lung colony formation (10) . Moreover, in the presence of TSP-1, MCF-7 breast carcinoma cells attach to human endothelial cells and form tumour cell aggregates (11) . Thus TSP-1 appears to have a crucial role in the haematogenous spread of solid tumours.
TSP-1 is overexpressed in breast cancer tissue when compared to normal breast tissue (12) (13) (14) but there is controversy as to the exact biological function of TSP-1. Some studies suggest that TSP-1 is an inhibitor of angiogenesis (15, 16) , whilst others have suggested that TSP-1 promotes neovascularisation (17, 18) . The reason for the conflicting evidence is unclear but clarification of the biological functions of TSP-1 in malignancy may lead to advances in therapeutic strategies for the retardation of tumour angiogenesis and metastasis.
Although TSP-1 is a secretion product of platelets (1) that is released into the serum following routine phlebotomy (19, 20) , extra-platelet sources are known to contribute to circulating TSP-1 (21, 22) .
We have recently described a radioimmunoassay for the measurement of background circulating levels of TSP-1 in plasma (23) . Using similar assays, several small studies have shown increased levels of plasma TSP-1 in gynaecological malignancies (24) , colorectal carcinoma (25) and acute myeloblastic leukaemias (26) when compared to normal controls. In addition, in colorectal carcinoma, levels of plasma TSP-1 correlate with tumour stage (25) .
The aim of this study was to clarify the role of TSP-1 in breast cancer angiogenesis and metastasis by measuring levels of TSP-1 in tumour cytosols and plasma of women with breast cancer.
Materials and methods
Patients with early breast cancer were recruited from a breast clinic at South Manchester University Hospitals Trust, UK and patients with advanced breast cancer were recruited from a breast oncology clinic at the same hospital. These studies were approved by the South Manchester Local Ethics Committee. All subjects gave written informed consent.
Patients with early breast cancer. Women with newly diagnosed EBC (n = 71) provided venous blood immediately prior to surgery (Axillary lymph node clearance with either mastectomy or wide local excision). The mean age at diagnosis was 56.4 years (range 33-89 years). Twenty-seven of the women were premenopausal at the time of diagnosis whilst 44 were postmenopausal. Following surgery, the excised primary specimens were incised and a 1-3 g wedge biopsy was removed from the primary tumour and snap-frozen in liquid nitrogen. The remainder of the specimen and the excised axillary nodes were immersed in formalin for 12 h and then serial sections were embedded in paraffin blocks and sent for histological examination. An experienced breast pathologist assessed haematoxylin-eosin stained specimens for tumour type, size and grade without knowledge of plasma or intratumoural levels of TSP-1 or CD31. The number of nodes in the axillary clearance specimens and the total number of involved nodes were recorded for each patient.
Early breast cancer control group. Blood was also taken from a control group of 36 women who had attended the same clinic with benign breast disease. For tumour cytosol work, nine women who underwent excision biopsy for benign breast disease had a 3-g piece of normal breast tissue excised.
Patients with advanced breast cancer. Plasma samples were taken from 66 women with advanced breast cancer. All of the women had evidence of metastatic disease in the skeleton, as diagnosed by isotope bone scan and plain radiographs. The mean age of women with ABC was 57.3 years (range 41-78 years).
Advanced breast cancer control group. A separate control group of women was recruited for analysis of plasma TSP-1 levels in ABC. These women (n=41) had previously undergone surgery for primary breast cancer but had no radiological or clinical evidence of metastatic disease.
Blood sampling. Plasma was prepared in such a way as to prevent contamination from activated platelets by a method we have previously described (23) and tumoural and plasma thrombospondin was measured using radioimmunoassay.
Preparation of tissue cytosols. Twenty μl of 2 mg/ml leupeptin, 20 μl 1 mg/ml aprotinin, 20 μl 1 mg/ml pepstatin A, 50 μl 200 mM PMSF, 50 μl 100 mM benzamidine were added to 10 ml of RIPA buffer in a plastic tube.
A sample of tumour, approximately the size of 500 mg, was separated out into a mortar, cut into thin slices and crushed using a porcelain pestle. This was repeated until only fine grains of sample were remaining. The sample was transferred to a pre-weighed tube, and weighed. Protease inhibitor solution was added in an amount (in ml), 10 times the weight of tumour (g), and the mixture was finely mixed and any large grains broken up using a homogeniser. NP 40 was then added in an amount that was 1/100th of the volume of buffer that was added. (i.e. 1/10th of the mass of the tumour sample, in ml) and the samples then placed onto a mechanical wheel for at least an hour. Samples were centrifuged at 15000 g at 4˚C for 10 min. The supernatant was carefully transferred into Ependorfs, which were then stored at -70˚C Radioimmunoassay for thrombospondin. Assay buffer of 0.05 M phosphate buffer pH 7.4 containing 2% horse serum (Harlan Sera-Lab, Sussex, UK) and 1% Tween-20 was prepared fresh daily. Wash solution was prepared containing 0.9% NaCl and 0.05% Tween-20. Standards were prepared from purified thrombospondin (1 mg/ml) (Cabiochem, Nottingham, UK) to give a range of concentrations from 0-1000 ng/ml in assay buffer.
Thrombospondin was iodinated using a modification of the technique of Greenwood and Glover (27) . Thrombospondin (10 μl) was incubated for 60 sec with 0.5 mCi Na 125 I (Amersham International, Amersham, UK) and 10 μl chloramine T (5 mg/ml in 0.05 M phosphate buffer, pH 7.4). The reaction was stopped by adding 20 μl sodium metabisulphite (5 mg/ml in 0.05 M phosphate buffer, pH 7.4) and 350 μl KI (0.1% in 0.05 M phosphate buffer, pH 7.4). The iodinated product was purified by gel filtration using a Sephadex G-100 column (16 mm x 40 cm) equilibrated by assay buffer. Specific activities of 35 μCi/μg were routinely achieved with ~70% transfer.
Thrombospondin was measured by competitive radioimmunoassay using a modification of the method used by Dawes and Gogstad (3) . The concentration of reagents was optimised so that a 50 μl sample in duplicate was added to 200 μl of 125 I-thrombospondin and 200 μl rabbit antithrombospondin antiserum (1:10,000 dilution in assay buffer (kindly donated by Drs N. Hunter and D. Pepper, Scottish National Blood Transfusion Service) and incubated overnight at 4˚C. Anti-rabbit secondary antibody (300 μl) (Sac-cel, AA-SAC1) was added followed by 30-min incubation, addition of 3 ml wash solution and centrifugation for 20 min at 1500 g and 8˚C. The precipitate containing the bound fraction was counted for 120 sec on an LKB 1260 multiwell counter (Wallac, Milton Keynes, UK) and results calculated using a linear interpolation program of % B/B0 versus log 10 standard concentration (RiaCalc LM programme, Turku, Finland) (23) .
Assessment of angiogenesis by CD31 immunostaining. Five-μm sections were cut from formalin-fixed, paraffin-embedded specimens of primary breast cancers. The specimens were de-waxed in xylene, followed by four changes of ethanol and washed in tap water prior to staining. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in deionized water for 10 min. Tissue sections were put in citrate buffer (pH 6.0, 0.1 M) and placed on a rotating table in a microwave. Heat pre-treatment was carried out in two cycles of 15 min each at medium high output (600 W). The sections were allowed to cool at room temperature and washed prior to immunostaining. Non-specific binding was blocked with 1% normal goat serum in TRIS buffered saline (TBS) for 10 min. Serial sections were incubated with primary antibody (monoclonal antibody to CD31 1:20; JC70 Dako). The slides were washed with TBS and incubated with biotinylated secondary (1:100, Dako) antibody in 1% goat serum in TBS for 30 min followed by washing in TBS for 2-3 min. The streptavidin biotin complex (1:100 in TBS; Dako Strept ABC complex, Denmark) was applied for 30 min and washed with TBS. The slides were treated with 0.08% diaminobenzidine (DAB, Sigma) and hydrogen peroxide (0.3%) in deionized water, then counterstained with haematoxylin, dehydrated and mounted with DPX.
Microvessel count: assessment of angiogenesis. Microvessel density was quantified by light microscopy without knowledge of patient details. The most vascular areas in a tumour (hot-spots) were located at low magnification and the vessels were counted using a Chalkley point eyepiece graticule at magnification x400 (28) . Any brown-staining EC or group of cells in contact with a spot in a graticule was counted as an individual vessel. The mean of four Chalkley counts for each tumour was calculated and used in statistical analysis. Microvessel density was assessed without knowledge of serum analyte levels.
Statistical analysis. The median (M) and inter-quartile range (IQR) was calculated for all sets of variables and all p-values were derived using the Mann Whitney U test for non-parametric data. Correlations between variable data were calculated using the Spearmen correlation analysis. P<0.05 was taken as the level of statistical significance. Plasma TSP-1 levels in EBC (median 484 ng/ml, IQR 344-877) were raised when compared to controls (median 221 ng/ml, IQR 175 -247) (Fig. 1) (p<0.05) . Plasma TSP-1 in high grade tumours (grades 2 and 3) were higher than in grade 1 tumours (median 343, IQR 294-428) (p<0.05). Plasma TSP-1 was raised in women with lymph node metastases (median 799 ng/ml, IQR 455-943) when compared to lymph node negative women (median 343 ng/ml, IQR 267-514) (Fig. 2) . No correlation was observed between tumour size and plasma TSP-1 levels (R=0.09).
Results

Histopathological
Intratumoural thrombospondin was detected by RIA in all tumours assayed (median level 1714 ng/ml, IQR 893-5283) (Fig. 3) . Median levels were higher than median levels of TSP-1 in the cytosols of controls (median 623, IQR 561-1430, p<0.05). Intratumoural levels of TSP-1 correlated with plasma levels of TSP-1 (R=0.64, p<0.001) (Fig. 4) . Plasma TSP-1 and intratumoural levels of TSP-1 correlated with microvessel density (R=0.39, p<0.05 and R=0.46, p<0.01 respectively) (Figs. 5 and 6 ). Levels of plasma TSP-1 in women with advanced breast cancer (median 588 ng/ml, IQR 430-952) were raised when compared to controls.
Discussion
This study demonstrates a positive correlation between intratumoral and circulating levels of thrombosponsin-1 with intratumoural microvessel density (IMD) suggesting an angiogenic rather than anti-angiogenic role for TSP-1 in women with early breast cancer. These data further suggest that raised circulating levels of TSP-1, measured in the absence of plasma contamination by platelet activation, are likely to be derived from the primary tumour rather than an unrelated source. Moreover, plasma levels of TSP-1 positively correlate with established clinicopathological prognostic parameters. Angiogenesis is essential for tumour growth and metastasis (29) (30) (31) . TSP-1 has been implicated in the development of metastasis because it promotes tumour cell adhesion, motility and invasion in in vitro models (32, 33) and is overexpressed in several human solid tumours including breast cancer (12, 13) . Because of conflicting in vitro and in vivo studies that explored the role of TSP-1 in tumoural angiogenesis, we have sought to clarify the relationship of TSP-1 to angiogenesis in human breast cancer.
This study confirms the finding of several previous immunohistochemical and in situ hybridisation studies that TSP-1 is overexpressed in breast cancer tissue when compared to normal breast tissue (12) (13) (14) . One of the original descriptions of TSP-1, by Bouck and co-workers (15) , was as an antiangiogenic product of a tumour suppressor gene. In this study, TSP-1 inhibited the ßFGF-stimulated formation of angiogenic vessels in the rat corneal model. More recently, Ben-Ezra et al (17) reported a TSP-1-induced pro-angiogenic effect in association with ßFGF in a similar model to that used by Bouck. The principal differences between these studies were the model used (Bouck-rat, Ben Ezra-rabbit) and the dose of TSP-1 applied in conjunction with ßFGF (Bouck-0.125 μg, Ben Ezra-0.5 μg). Similarly, using a Boyden chamber cell migration assay, Taraboletti et al (7) demonstrated that, at concentrations of 5-50 μg/ml, TSP-1, with or without ßFGF, stimulated endothelial cell motility. Conversely, using the same assay, but at a TSP-1 concentration of 2.5 μg/ml, Tolsma et al (16) reported that TSP-1 inhibited ßFGF endothelial cell migration.. Thus the effect of TSP-1 appears to be dose-dependent. Although we have not confirmed a causal relationship between TSP-1 and angiogenesis, the data demonstrate that TSP-1 levels in tumour and plasma in women with established early breast cancer positively correlate with the established method of measuring angiogenesis (immunostaining of the CD31 antigen in paraffin-embedded sections of tumour). We were unable to demonstrate any inverse relationship between angiogenesis and tumoural or plasma TSP-1 levels. It would thus appear that levels of TSP-1 in human early breast cancer are greater than those required for TSP-1 to have an anti-angiogenic effect. Thus, in early breast cancer, TSP-1 is likely to be angiogenic rather than anti-angiogenic.
Because TSP-1 is stored in large quantities in the α granules of platelets (1), several authors have reported difficulties in determining the contribution of non-platelet sources to circulating levels of TSP-1 (33-35). We have previously described a sensitive and precise radioimmunoassay for the measurement of TSP-1 in plasma (23) . This study sought to define the relationship between circulating levels of TSP-1 and established clinicopathological characteristics (including intratumoural microvessel density) in women with breast cancer. In addition to demonstrating a direct correlation between plasma levels of TSP-1 and tumour stage, we have also shown a direct correlation between plasma levels of TSP-1 and cytosol levels of TSP-1. This finding supports the suggestions of others (21, 24, 33) that the majority of nonplatelet-bound, circulating TSP-1 in malignant disease is derived from the tumour itself rather than any non-tumoral source.
Our data demonstrate a direct correlation between plasma levels of TSP-1 and breast cancer stage with highest levels of all being found in women with metastatic breast cancer. This observation is similar to the observation of Tuszynki and co-workers who demonstrated a correlation between plasma TSP-1 levels and stage in patients with lung and gastrointestinal malignancy (34) . Thus, measurement of plasma levels of TSP-1 may have clinical value as a surrogate marker of stage and metastasis. This study is the first to demonstrate a correlation between plasma TSP-1 levels and IMD. Similar to cytosol TSP-1, levels of TSP-1 in plasma correlated positively with IMD suggesting a pro-angiogenic rather than an anti-angiogenic effect in breast cancer.
Current accepted methods for measuring angiogenesis in solid tumours require the immunostaining of sections of primary tumour using antibodies to endothelial-specific antigens such as CD31, CD34 and Von Willebrand Factor (35) . Following immunostaining, intratumoural microvessel density (IMD) is assessed by counting blood vessels in a semiquantitative fashion using light microscopy (36, 37) . Measurements of IMD have been shown to correlate with relapse-free and overall survival in patients with breast cancer (37) (38) (39) (40) .
